An air gap membrane distillation (AGMD) system was applied for removal of benzene from benzene/ water solution using polytetrafluoroethylene (PTFE) porous membrane. The experimental design using design methodology was applied for modeling and optimization of the process. The effects of air gap width and operation factors including feed temperature, concentration, flow rate, as well as their binary interactions on the permeation flux and separation factor were studied. Regression models, statistically validated by variance analysis, were developed to predict the AGMD performance. The optimum feed conditions for maximum separation were determined via D-optimal experimental design as temperature of 43 C, concentration of 330 ppm, and flow rate of 3 mL/s at 5 mm air gap thickness.
INTRODUCTION
Membrane distillation (MD) is one of the emerging thermally driven processes for desalination and wastewater treatment and known for more than 50 years. This process benefits from advantages such as its compactness, operability at low temperatures and pressures, and less fouling compared to conventional membrane processes such as reverse osmosis (AlHathal Al-Anezi et al. ). The process is specially significant for its capability to use alternative energy resources such as waste heats or solar and geothermal heat resources (Pangarkar & Deshmukh ) . Alklaibi & Lior () modeled the AGMD process by developing a two-dimensional model, in which a simultaneous numerical solution of momentum, energy, and diffusion equations of the feed and cold solutions was considered. It was concluded that the gap width has a significant effect on the AGMD performance, i.e., the permeation flux was enhanced 2.6-fold by five-fold decrease in the gap width. Moreover, it was found that the feed inlet temperature is the parameter to most affect the AGMD thermal efficiency, whereas the cooling temperature has much less effect.
Removal of water from nitric acid/water mixtures applying an AGMD system with hydrophobic PTFE membrane was studied by Matheswaran et al. () . The results showed a noteworthy decrease in the water selectivity and permeation flux by increasing the concentration of nitric acid in the feed solution up to the azeotropic concentration followed by an increase in the flux as a result of membrane wetting. Moreover, the flux and selectivity showed more sensitivity to the feed conditions than to the coolant liquid conditions. In a similar study, Alkhudhiri The permeation flux is calculated by: The separation factor of benzene is determined using the following equation:
where y B and x B represent the mole fractions of benzene in the permeate and feed, respectively.
The absorption UV-Vis spectroscopy (Perkin-Elmer
Lambda 15 UV/VIS spectrophotometer) is applied to analyze the concentration of benzene in the AGMD process (wavelength of 254 nm).
The effects of feed temperature, concentration, and flow rate as well as the air gap width on the performance are investigated while the cold side temperature and recycling volumetric rate are kept constant at 10 C and 20 mL/s, respectively.
Experimental design
Response surface methodology (RSM) is applied as a mathematical and statistical method for response prediction and optimization. Design of experiments (DOE) can provide the relationship between several inputs and one or more response variables (Carlsson ) . Central composite In this study, the D-optimal design with three factors, i.e., feed temperature, feed initial concentration, and feed flow rate at three levels and one other factor, air gap width, at two levels was employed. An empirical secondorder polynomial model is selected for predicting and optimizing the model. The general form of such a polynomial is written as:
where y denotes the predicted response, a 0 is a constant, a i is the ith linear coefficient, a ii is the ith quadratic coefficient, a ij is the ith interaction coefficient, z i is the independent variable, and ε is the statistical error (Montgomery ; Lazic ). The operating variables and their ranges are shown in Table 1 . The factor levels are selected based on practical considerations. The output responses are permeation flux (J ) and separation factor (β).
RESULTS AND DISCUSSION
The effects of individual and interaction between the independent variables on the permeate flux and separation factor were determined by RSM. Experiments were performed randomly in order to reduce the effects of uncontrolled factors or noises. Table 2 shows the D-optimal experimental plan in terms of actual factor values and the corresponding results.
Data analysis
On the basis of D-optimal design and the recorded responses summarized in Table 2 , the following quadratic equations in terms of coded variables are developed for the permeation flux (J ) and separation factor (β):
In order to investigate the significances of developed second-order models and their coefficients, the analysis of variance (ANOVA) is applied. The results of ANOVA tests are shown in Table 3 . The statistical significance of the regression models is determined in terms of F-value and P-value. The mathematical relationships used for computation of statistical estimators (i.e., F-value, R 2 , R 2 adj ) can be found elsewhere (Montgomery ; Lazic ). As seen in Table 3 , the low P-values for J and β (less than 0.0001) imply that the models are significant. In order to enhance the regression quality, terms with high P-values (greater than 0.100) are removed manually. The R 2 value, as a measure of variation around the mean, should be rather high to ensure a satisfactory adjustment of regression model to the experimental data. The R 2 values for flux and separation The surface response models (Equations (4) and (5) The steep slope of temperature illustrates the sensitivity of this factor, as also can be concluded from Equation (4). The comparatively flat line for the feed flow rate shows its lesser impact on the permeation flux as is implied also from low coefficients of the corresponding factor in Equation (4).
Similar results are reported elsewhere (Hou et al. ;
Razmjou et al. ).
The effects of factors upon the response (permeate flux)
were studied using three dimensional plots. However, the effect of concentration is insignificant as a limited range of concentration is considered in this study.
The main purpose of applying an air gap in the MD process is to reduce the conductive heat loss between the membrane and the cold surface. As the air gap width increases, the conductive heat transfer in the air gap will decrease, however, it causes a higher mass transfer resistance between the membrane and the condensing surface.
Therefore, a smaller amount of permeation flux is expected at a larger distance. The mean fall in the permeation flux is more than 50% by increasing the air gap thickness from 3 to 5 mm in the present study. Moreover, Figure 5 reveals that there is an interaction effect between temperature and air gap width on the permeation flux, i.e., the sensitivity of the permeate flux to temperature is decreased by increasing the air gap width from 3 to 5 mm. This can be associated with the effect of increased mass transfer resistance at a higher stagnant air thickness.
Effects of operating parameters on separation factor Figure 6 shows the perturbation plots for the separation factors. The curvature trend of separation factors vs. temperature in the figure demonstrates its rapid response to this factor (see Equation (5)). Increasing the feed temperature results in a slight increase in the separation factor followed by a steep decline. An increase in the feed flow rate leads to an increase in the separation factor up to a maximum value where it remains almost constant by further increase in the concentration. On the other hand, the feed concentration represents a steady positive effect on the response in the design space.
The effects of operating parameters on the separation factor of benzene are presented in Figure 7 for both 3 and 5 mm air gaps. The plots imply that temperature has a greater effect on separation factor compared to the flow rate, and increase of both variables leads to an enhancement in the separation factor. The separation factor was maximum in the mid range of the feed temperature due to the quadratic effect of the feed temperature. The diffusion coefficient for the benzene-water system in the liquid and gas phases has an increasing trend by temperature that results in an increase in the mass transfer coefficient and therefore an increase of benzene content in the permeate. However, beyond the optimum feed temperature, the thermodynamic effect will be more prominent leading to a decrease in the benzene/water vapor pressure ratio and a drop of separation factor. Adiche & Sundmacher () and Banat et al. (a) reported similar trends for AGMD in separations of methanol-water and dilute ethanol-water mixtures, respectively.
The observed enhancement in separation factor by feed flow rate can be attributed to increase in the mass transfer coefficient through reduction of concentration polarization at the feed/membrane interface.
As discussed in the previous section, increasing the volatile concentration in the feed leads to an increase in its vapor pressure based on Henry's law followed by a higher partial pressure difference across the membrane and therefore a higher separation factor.
The effect of air gap width on selectivity for removal of propionic acid from water was reported to be insignificant (Banat et al. a) . In addition, a well-mixed model for dilute ethanol/water mixtures did not show any notable variation in selectivity over the air gap width of 1-10 mm. However, an increase in the selectivity with the air gap width was observed, which was attributed to the Fickian mathematical model including temperature and concentration polarization effects (Banat et al. b) . A similar trend is observed in the present study, i.e., the separation factor increases with the increase of air gap width.
This may be attributed to the effect of reduced permeation flux on temperature and concentration polarization (Khayet & Matsuura ) . In addition, the reduced permeation flux at greater air gap thickness can affect the concentration impact on the separation factor, i.e., the separation factor increases more rapidly at higher air gap width by increasing the feed concentration, as shown in Figure 8 .
Optimization and validation
The optimization tool of Design-Expert ® 7.0.1 is employed to determine the optimum conditions for the AGMD performance. Since the purpose is to separate the volatile compound, the separation factor is considered as the objective function. Optimization of multiple responses takes place through a desirability function that takes values between 0 and 1 ranging from an undesirable response to a completely desirable value (Vera Candioti et al. ). To achieve the optimum conditions, all factors were selected 'within the range' while the responses, i.e., separation factor and overall permeation flux, were defined as maximum and in range, respectively.
The optimum values of process variables and related responses are represented in Table 4 . The values of desirability function as a measure of optimum experimental conditions to maximize the separation factor of benzene for the reported data in Table 4 are 1 and 0.53 for air gap widths of 5 and 3 mm, respectively. This indicates that the higher air gap thickness is more acceptable. Verification experiments were performed to confirm the developed model by D-optimal design method using the suggested optimum conditions. The results given in Table 4 show good agreement with the experimental data.
CONCLUSION
The AGMD performances of PTFE membranes were investigated for separation of dilute benzene from aqueous streams applying the RSM and D-optimal design. Two regression models were developed and validated statistically for permeation flux and separation factor. The effects of the feed temperature, benzene concentration, feed flow rate, air gap width, and their binary interactions on the process responses were studied. Some of the principal conclusions are as follows:
• RSM can be successfully applied for proper prediction of the MD performance including the effects of main factors and their binary interactions.
• The highest positive effect on permeation flux was attributed to the feed temperature where an increase from 35 to 65 C would increase the permeation flux nearly two to three times. The feed concentration and flow rate had smaller positive effects.
• It was observed that temperature and air gap width are involved in an interaction effect on permeation flux.
Moreover, a small interaction effect of concentration and air gap width on the separation factor was detected. 
